Chalcopyrite semiconductors are of considerable interest for application as absorber layers in thin-film photovoltaic cells. When growing films of these compounds, however, they are often found to contain CuAulike domains, a metastable phase of chalcopyrite. It has been reported that for CuInS 2 , the presence of the CuAu-like phase improves the short circuit current of the chalcopyrite-based photovoltaic cell. We investigate the thermodynamic stability of both phases for a selected list of I-III-VI 2 materials using a first-principles density functional theory approach. For the CuIn-VI 2 compounds, the difference in formation energy between the chalcopyrite and CuAu-like phase is found to be close to 2 meV/atom, indicating a high likelihood of the presence of CuAu-like domains. Next, we calculate the Spectroscopic Limited Maximum Efficiency (SLME) of the CuAulike phase and compare the results with those of the corresponding chalcopyrite phase. We identify several candidates with a high efficiency, such as CuAu-like CuInS 2 , for which we obtain an SLME of 29% at a thickness of 500 nm. We observe that the SLME can have values above the Shockley-Queisser (SQ) limit, and show that this can occur because the SQ limit assumes the absorptivity to be a step function, thus overestimating the radiative recombination in the detailed balance approach. This means that it is possible to find higher theoretical efficiencies within this framework simply by calculating the J-V characteristic with an absorption spectrum. Finally, we expand our SLME analysis to indirect band gap absorbers by studying silicon, and find that the SLME quickly overestimates the reverse saturation current of indirect band gap materials, drastically lowering their calculated efficiency.
Introduction
The conventional search for potential absorber materials in photovoltaic devices is expensive and time consuming. Inverse design methods have the power to screen materials relatively quickly, providing valuable information that allows experimental work to focus on promising compounds 1 . In order to accurately screen materials, however, a proper selection metric is required. Traditionally, the Shockley-Queisser (SQ) limit 2 has been used as a theoretical gauge of the potential efficiency of absorbers. The Spectroscopic Limited Maximum Efficiency 3 (SLME) goes beyond the SQ limit by including the absorption spectrum and film thickness in the determination of the efficiency. Since its conception, the SLME has been successfully applied to perovskites [4] [5] [6] [7] , chalcogenides 8, 9 , direct band gap silicon crystals 10, 11 and other materials [12] [13] [14] [15] .
Ternary I-III-VI 2 semiconductors, such as the well known Cu(In,Ga)(S,Se) 2 compounds, are commonly used as absorber materials to produce highly flexible and lightweight solar cells. The high absorption coefficient of these compounds allows for cost-efficient absorber layers that are particularly suited for deposition on flexible substrates 16 . Laboratory values for the efficiency of CuIn(S,Se) 2 thin film solar cells have recently reached a record value of 22.3% 17 . Furthermore, CuIn(S,Se) 2 is also considered a suitable material for the top cell in tandem structures 18 and quantum dot based luminescent solar concentrators 19 . The rapid succession of new record efficiencies indicates that there is still room for improvement in these applications.
I-III-VI 2 compounds are stable at room temperature in the chalcopyrite (CH) structure (space group I42d). However, Su and Wei 20 have used TEM to demonstrate the presence of CuAu-like (CA) orderings (space group P42m) in thin films of CuIn(S,Se) 2 , grown by vapor-phase epitaxy on Si and GaAs substrates. Alvarez et al. 21 also analyzed films of CuInS 2 , using XRD to estimate the relative amount of phase domains. They found that the total amount of CA ordered phase in samples grown under Cu-poor conditions was between 8% and 25%. By growing films of CuInS 2 on various Si substrates, Su et al. 22 discovered that although the CA phase is always present, the amount of CA domains is influenced by the substrate orientation. Moreover, Hahn et al. 23 found that by using a Si(001) substrate, the CA phase will dominate the orderings of the cation sublattice. Recently, Moreau et al. 24 have stated that for the CuInS 2 compound, introducing domains of CA phase can lead to a reduction of strain in the absorber layer, resulting in an increased carrier mobility and reduced recombination. Despite the fact that this phase is often found together with CH in thin films, little research has been done to determine its properties. Figure 1 shows the CH and CA structure of the ternary I-III-VI 2 materials.
In this paper we present a first-principles investigation of the efficiency of the CA phase for a selection of compounds. First, we analyze the thermodynamic stability in order to determine the likelihood of the presence of CA domains within a CH-based solar cell. We continue by presenting the optoelectronic properties of the CA phase materials. Next, we use these results to calculate the SLME and discuss the obtained efficiencies of specific compounds. For one of the compounds, the SLME is above the SQ limit. Similar results have been observed by Sarmadian et al. 9 . We analyze this surprising result in more detail by taking a closer look at how the calculated efficiency depends on the thickness and band gap of the material, as well as the temperature of the device. We deduce that the detailed balance approach for the radiative recombination current allows for higher open circuit voltages at lower thicknesses, producing a higher SLME than the corresponding SQ limit. In order to broaden our analysis to indirect band gap materials, we study the SLME of silicon. We find that in the SLME model, the fraction of non-radiative recombination is such that many indirect band gap absorber layers have a very high reverse saturation current, resulting in an unreasonably low calculated efficiency.
Computational Details
We make a selection of ten compounds for which we can compare the calculated efficiency of the CA phase with the CH results of Yu and Zunger 3 . The CA and CH structure are studied using a first-principles approach within the Density Functional Theory (DFT) formalism, as implemented in the Vienna Ab initio Simulation Package [25] [26] [27] (VASP). The Projector Augmented Wave (PAW) method 28 is applied, and the electrons that are treated as valence electrons are underlined in Table 1 . The exchange-correlation functional is calculated using the Generalized Gradient Approximation (GGA) of Perdew-BurkeErnzerhof (PBE) 29 . The energy cutoff for the plane wave basis is set to 350 eV, and a 4×4×4 Monkhorst-Pack 30 (MP) mesh is used for sampling the first Brillouin zone. Electronic convergence is obtained when the energy difference between two electronic steps is smaller than 10 −4 eV. The structure is considered converged when the forces on the atoms are all below 10 −2 eV/Å. Because an accurate band gap is important for the correct evaluation of the efficiency, we perform single shot G 0 W 0 31 calculations on top of HSE06 32 .
However, in order to accurately update the quasiparticle energies within the G 0 W 0 approximation, it is necessary to consider the semi-core electrons as valence electrons within the PAW framework 33 . Hence, we treat the 3s, 3p and 3d (4s, 4p and 4d) orbitals as valence states for the Ga (In) atoms for the G 0 W 0 @HSE06 calculations of the band gap. In addition, we use a well converged 8×8×8 MP mesh, an increased energy cutoff of 400 eV and a large amount of unoccupied bands (600 in total).
The optical properties are calculated within the Random Phase Approximation (RPA), using the long wavelength expression for the imaginary part of the dielectric tensor 35, 36 . The real part of the dielectric tensor is determined using the KramersKronig relation * . In order to get an accurate description of the energy levels, the exchange-correlation energy is calculated with the HSE06 functional, which has been reported 37 to produce optical properties close to those obtained from experiment for CuIn(S x Se x−1 ) 2 . We found that it is enough to sample the Brillouin zone using a 12×12×12 MP mesh to obtain a converged dielectric tensor. The number of unoccupied bands is increased to at least three times the number of occupied bands. Because of the tetragonal symmetry of the CA structure, the resulting dielectric tensor is diagonal and has two independent components ε xx (=ε yy ) and ε zz . Since we make no assumptions about the * The Kramers-Kronig relation is calculated by VASP using a complex shift ("CSHIFT"). After calculating the real part, however, VASP also recalculates the corresponding imaginary part. Since the complex shift introduces a broadening, this causes an earlier onset of the imaginary part, and consequently in the absorption coefficient. In order to prevent this, we commented out the line in the VASP code that recalculates the imaginary part. direction from which the photons enter the absorber layer, we average the diagonal components to derive the dielectric function
Finally, in order to obtain a more accurate onset of the absorption spectrum, we shift the imaginary part of the dielectric function to the G 0 W 0 @HSE06 band gap, and recalculate the real part using the Kramers-Kronig relations.
Once we have acquired the dielectric function, we can calculate the absorption coefficient
with h Planck's constant and c the speed of light, from the extinction coefficientk(E):
This allows us to determine the absorptivity a(E) = 1 − e −2α(E)L for an absorber layer of thickness L with a reflecting back surface 38 .
The theoretical maximum solar cell efficiency is defined as
where P m is the maximum power density and P in is the total incident power density from the solar spectrum. For the SLME, the maximum power density is derived using the J-V characteristic of the solar cell:
with J the total current density, V the potential over the absorber layer, k Boltzmann's constant, T the temperature of the device and e the elementary charge. The short circuit current density J sc and the reverse saturation current density J 0 are calculated from the absorptivity a(E) of the material, as well as the AM1.5G solar spectrum I sun (E) and the black-body spectrum I bb (E, T ):
where J r 0 is the radiative recombination current density. The fraction of radiative recombination f r is modeled using a Boltzmann factor:
where E g and E da g are respectively the fundamental and direct allowed band gap.
Structure and Formation energy
To estimate the likelihood of finding a significant amount of CA domains in CuInSe 2 , Wei et al. 39 used first-principles calculations to determine the difference in formation energy ∆E f = E CA tot − E CH tot between the CH and CA phases of the compound. They found a very small energy difference of 2 meV/atom, which led them to predict the coexistence of the CH and CA structures in CuInSe 2 . This was confirmed experimentally by Su and Wei 20 , supporting the idea that the presence of CA domains is a result of bulk thermodynamics. In order to determine the formation energy difference, we first optimize the structure of the CA and CH phase for each compound as described in Section 2.
We show the calculated lattice parameters and c/a ratio in Table 2 , as well as the corresponding experimental values for the CH phase of the compounds ‡ . We can see that the calculated c/a ratios match well with those obtained from experiment. For the CA phase, replacing the cations Ag by Cu or Ga by In decreases ‡ No experimental values were found for the CA phase in the literature. the c/a ratio of the unit cell. This trend is reversed for the CH phase. If we compare the c/a ratio of the CA and CH phase, we find a large difference in the c/a ratio for the AgGa-VI 2 compounds. Table 3 presents the difference in formation energy for the selected list of compounds. Our first-principles results for CuInS 2 , CuInSe 2 and CuGaSe 2 correspond well with those of Su et al. 22 . Similar to the results for the c/a ratio, the choice of cations has a large influence on the difference in formation energy. From Table 3 , we can see that substituting either In by Ga or Cu by Ag increases the difference in formation energy of the two phases. This means that if we consider the existence of the CA phase to be controlled by bulk thermodynamics, we expect CA domains to be common in the CuIn-VI 2 compounds, and less likely in the AgGa-VI 2 ones.
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Absorber layer efficiency
For all of the investigated compounds, we find a direct band gap at the Γ-point. Table 4 presents a comparison between the G 0 W 0 @HSE06 band gaps calculated for the CA and CH structures § . We can see that the G 0 W 0 calculated band gaps for the CA phase are lower than those of the CH phase for all compounds besides CuInS 2 . Furthermore, the difference is smaller for the I-III-S 2 structures compared to the I-III-(Se,Te) 2 compounds. Table 4 also contains the experimental band gaps of the CH phase of the compounds ‡ . We can see that although the G 0 W 0 @HSE06 band gaps correspond quite well to the experimental values for some compounds, there are clear discrepancies for others. This could be a result of the sensitivity of chalcogenide band gaps to the anion displacement u (see the supplementary information † for more details). As an example of the dielectric function, we show the result for CA-CuInS 2 in Fig. 2 . The results for the other compounds can be found in the supplementary information † .
After we calculate the band gap and dielectric function for the CA phase of the selected list of compounds, we have all the § We did not take all of the CH phase band gaps from Yu and Zunger 3 , because of inconsistencies between the tabulated and plotted values for some compounds in this paper. required information to calculate their SLME. Because we find a direct allowed fundamental band gap for the CA phase of all of the compounds (E da g = E g ), we only have to consider cases where the non-radiative recombination is negligible ( f = 1, see Eq. (6)). We present the calculated efficiency values in Table 5 . In order to compare our results with those of Yu and Zunger, all efficiencies were calculated using thickness L = 500 nm and device temperature T = 300 K. Table 5 Calculated SLME for both the CuAu-like and chalcopyrite 3 structures. The SQ limit of the corresponding band gap of the CA compounds is also given as a reference.
Material SLME(%) SQ(%) SLME(%) First, we note that several CH structures that are known to have high device efficiencies, such as CuIn(S,Se) 2 , also have a high SLME. Moreover, it is clear that although the band gap has a large influence on the efficiency, some materials, such as CAand CH-AgInS 2 , have a very similar band gap but a significantly different calculated efficiency. This demonstrates the ability of the SLME to provide a more refined selection metric in comparison Table 4 Experimental and calculated band gaps of the CuAu-like(CA) and chalcopyrite (CH) phase of the considered compounds.
Material
CA CH with the SQ limit. Finally, we see that for several compounds, the CA phase has a higher efficiency than the corresponding CH phase. This is consistent with the findings of Moreau et al. 24 , who discovered that the presence of CA domains have a positive influence on the efficiency of CuInS 2 . We suggest that the efficiency of these devices may have benefited from the presence of the CA phase directly through the optical properties of the material.
In Fig. 3 , we show the SLME of the CA phase of the various compounds versus their band gap, as well as the SQ limit. We immediately observe that the SLME value for CA-CuInSe 2 is higher than the corresponding SQ limit. In Section 5 we return to this result and discuss it in detail. The SLME is plotted as a function of the film thickness in Fig. 4 . We can see that for most compounds, the efficiency of the CA phase rises quickly for an increasing thickness. This demonstrates the potential of the CA phase compounds as absorber layers in thinfilm solar cells. Finally, we discuss the issue of the possible discrepancy between the calculated and experimental band gaps for some of the compounds. Looking at Fig. 3 , we expect the influence of the band gap to be small in the 1-1.5 eV interval. In case the calculated and experimental band gap are not in this region, however, any discrepancy between the calculated and experimental band gap is likely to influence the SLME.
SLME Analysis
During the discussion of the SLME results of the CA phase, we noted that CA-CuInSe 2 has an SLME value above the SQ limit. This result is surprising because the SQ limit is widely considered to be a theoretical maximum efficiency of a single junction absorber layer ¶ , and the SLME is based on the same detailed balance approach as the SQ limit. Due to the construction of the SLME, the calculated efficiency returns to the SQ limit for L → ∞, ¶ There are a number of considerations that could allow the efficiency of a singlejunction solar cell to exceed the SQ limit, such as multiple-exciton generation, photon recycling, etc. . . , however none of these are implemented by the SLME. since for an infinitely thick absorption layer the absorptivity becomes a step function. However, looking at the thickness dependence of the SLME for CA-CuInSe 2 and CA-CuInS 2 (Fig. 5) , we see that the way they approach the SQ value is different. More specifically, the SLME of the compound CuInSe 2 crosses the SQ limit, whereas that of CuInS 2 does not.
Fig. 5
Thickness dependence of the SLME of CA-CuInSe 2 and CACuInS 2 at 300 K versus their SQ limit.
We can understand the origin of this behavior by considering how the short-circuit current density J sc and reverse saturation current density J 0 are used to calculate the power density of the absorber layer (Eq. (4)). In Fig. 6 we show the calculated J-V characteristic of CA-CuInS 2 . We can see that the total current density J remains close to J sc up to a certain voltage. The value of this voltage, and hence the value of the open circuit voltage V oc and the voltage that maximizes the power density V m , depends strongly on J 0 . When we look at both current densities as a function of the thickness in Fig. 7 , it is clear that for both compounds J sc converges to the corresponding SQ value much quicker than J 0 . The relatively low value for J 0 at certain thicknesses allows for a higher open circuit voltage V oc . This is the case for both CA-CuInS 2 and CA-CuInSe 2 . However, the order of magnitude of J 0 is much larger for CA-CuInSe 2 than for CA-CuInS 2 . The SLME crosses the SQ limit when its maximum power density is higher than the one calculated using the SQ values for J sc and J 0 :
Because the order of magnitude of J 0 is much larger for CA-CuInSe 2 , the value of the fraction V m /V SQ m at low thicknesses is higher for CA-CuInSe 2 when compared to that for CA-CuInS 2 (Fig. 8) . In comparison, the convergence of the fraction J SQ m /J m is similar for both compounds. From Eq. (7), it is clear that when V m /V SQ m is larger than J SQ m /J m , the maximized power density is higher than its SQ value, which means that the SLME will be higher than the Shockley-Queisser limit for that thickness. Looking at Fig. 8 , we can see that at T = 300 K, this happens for CuInSe 2 . For direct band gap absorbers, f r = 1, and J 0 is calculated from the overlap of the black-body spectrum I bb (E, T ) and the absorptivity a(E) of the material. From Eq. (5), we can understand that lowering the band gap increases J 0 . As a result, materials with a low band gap are more likely to have an SLME value above the SQ limit at a specific thickness. It is also clear, however, that J 0 increases at higher temperatures. This raises the relative increase of V max at lower thicknesses, potentially producing calculated efficiencies above the SQ limit. For example, looking at the thickness dependence of the SLME of CA-CuInS 2 at T = 450K (Fig. 9) , we see that at this temperature the calculated efficiency also crosses the Shockley-Queisser limit. Since the calculation of the SLME only deviates from the SQ limit by the introduction of an ab initio calculated absorption spectrum, these results show that the SQ limit is not a theoretical upper limit within the assumptions of the detailed balance approach. This is because considering an infinite thickness for the solar cell, i.e. taking a step function for a(E), overestimates J 0 as it is calculated in the detailed balance framework. As a result, it is possible that for a material with a certain band gap and absorptivity, J 0 is very low compared to its SQ value, which allows for a high V oc . In case V oc is increased sufficiently, the total power density can go above that of the SQ limit, even though the calculated J sc is lower than its SQ value. In other words, if we consider all of the assumptions made in the Shockley-Queisser approach and introduce an absorption spectrum, it is possible to obtain efficiencies above the SQ limit. Fig. 9 Thickness dependence of the SLME of CA-CuInS 2 at T = 450K.
Indirect band gap absorbers
So far, we have only considered materials which have a direct band gap.
For completeness, we expand our analysis to indirect band gap absorbers.
We choose to calculate the SLME of silicon, which is currently the material that is still used the most for the production of solar cells. In Fig. 10 , we show the experimental absorption coefficient of crystalline silicon 42 . Notice the onset of the indirect and direct absorption at E g = 1.17 eV and E da g = 3.4 eV, respectively.
Fig. 10
Experimental absorption coefficient at T = 300K of crystalline silicon with data taken from 42 .
Calculating the SLME using this optical spectrum produces an efficiency of zero for any value of L and T . The origin of this troubling result is rooted in the fraction of radiative recombination expressed in Eq. (6) . Because of the large difference between the direct allowed and fundamental band gap of silicon (∆ = E da g − E g = 2.23 eV), the radiative fraction is of the order 10 −38 . Since this fraction is used to calculate the reverse saturation current (see Eq. (5)), this results in a J 0 that is unreasonably large. As discussed in Section 5, J 0 has a significant influence on the open circuit voltage V oc . In this case, the high value of J 0 leads to a V oc that is too small to produce any significant power density. However, in case we set f r = 10 −3 , a more reasonable value for silicon [43] [44] [45] , then we obtain the results shown in Fig. 11 .
One could argue that silicon is a special case, and that generally efficient indirect absorbers do not have such a large band gap difference ∆ = E g − E da g . For thin-film solar cells, indirect absorption also contributes significantly less to the power density. Consequently, indirect band gap materials with a large fundamental band gap are not suitable for these applications in any case. However, even for materials with a small ∆, the modeled fraction of radiative recombination quickly becomes minute. For example, consider the compound Cu 3 TlSe 2 , which has been investigated by Yu and Zunger 3 . The reported difference between the fundamental and direct allowed band gap is 0.24 eV. At 300 K, the fraction of radiative recombination then becomes We choose to use an experimental spectrum in order to include the phonon-mediated contributions to the absorption coefficient. | 7 Fig. 11 Thickness dependence of the SLME of silicon. f r = 10 −4 . This means that although 99.99 % of the recombination is non-radiative in nature, the reverse saturation current is still derived from an entirely radiative principle, based on the black-body spectrum in Eq. (5). Furthermore, it is clear that because of the exponential function in Eq. (6), the fraction of radiative recombination drops very rapidly with increasing ∆. This indicates that even for materials with a relatively low ∆, the reverse saturation current will rise significantly, which is detrimental for the calculated efficiency. Hence, it is fair to question whether the recombination model of the SLME metric does not judge indirect band gap absorbers unfairly, potentially eliminating good materials during the selection procedure.
Summary and Conclusions
We have compared the structural and thermodynamic properties of the CA and CH phase of the compounds. By analyzing the difference in formation energy of the CH and CA phase, we conclude that CA domains are most likely to be present in CuIn-VI 2 compounds, which is in good agreement with experimental results.
From the calculated optoelectronic properties of the materials, we have determined their potential as absorbers for solar cells by applying the SLME selection metric. We identify several compounds with a high theoretical efficiency in the CA phase, most notably CA-CuInS 2 , which has a significantly higher efficiency than the corresponding CH phase.
After observing an SLME value above the Shockley-Queisser limit for CA-CuInSe 2 , we have performed a detailed analysis to find the origin of this result. We find that, within the details balance approach, the reverse saturation current J 0 approaches its SQ value very slowly for an increasing thickness L. This causes the SLME to cross the SQ limit for materials with a J 0 that is relatively high, i.e. materials with a low band gap or at higher temperatures. In other words, because the SQ limit overestimates J 0 , it is not an effective theoretical maximum efficiency of a single junction cell within the detailed balance approach. Finally, we show that the model that introduces non-radiative recombination to the SLME quickly undercuts the efficiency of indirect band gap absorbers.
Supplementary Information
For some compounds, the calculated band gap of the chalcopyrite (CH) phase does not correspond well to the experimental value. One possible reason for these discrepancies is the sensitivity of the band gap of chalcogenides to the anion displacement u. Jaffe and Zunger 40 used standard DFT to demonstrate the influence of u on the calculated band gap, finding that an increased u leads to higher band gaps for CH-CuInSe 2 and CH-CuAlS 2 . Similar results were found by Vidal et al. 46 using HSE06 to calculate the band gap of CH-CuInS 2 . In Table 6 , we present the u parameter calculated using PBE versus a set of experimental results. We can see that although u corresponds well to experiment for some compounds, there are significant differences for others. For example, the calculated u of both CH-CuInS 2 and CH-CuInSe 2 are below the experimental range. Considering the influence of u on the band gap, it is not unreasonable to assert that the underestimation of the band gap may be related to the low values found for u. For the calculation of the SLME, we require the dielectric tensor of the studied material. For all of the structures considered in this paper, the dielectric tensor is found to be diagonal and has two independent components:
where each component is imaginary (e.g. ε xx (E) = ε
xx (E) + iε (2) xx (E)). Figures 12 and 13 show both the real and imaginary part of the calculated tensor components for the CuAu-like phase of the studied compounds. For completeness, we show the optical dielectric constants in Table 7 . It is interesting to note that the choice of the anion (S,Se,Te) in the CuAu-like phase of the I-III-VI 2 compounds has a strong influence on the value of their optical dielectric constants. The computational details can be found in Section 2 of the main text. 
